When released to the biosphere, mercury (Hg) is very mobile and can take millennia to be returned to a secure, long-term repository. Understanding where and when Hg was released as a result of human activities allows better quantification of present-day reemissions and future trajectories of environmental concentrations. In this work, we estimate the time-varying releases of Hg in seven world regions over the 500 year period, 1510-2010. By our estimation, this comprises 95% of all-time anthropogenic releases. Globally, 1.47 Tg of Hg were released in this period, 23% directly to the atmosphere and 77% to land and water bodies. Cumulative releases have been largest in Europe (427 Gg) and North America (413 Gg). In some world regions (Africa/Middle East and Oceania), almost all (>99%) of the Hg is relatively recent (emitted since 1850), whereas in South America it is mostly of older vintage (63% emitted before 1850). Asia was the greatest-emitting region in 2010, while releases in Europe and North America have declined since the 1970s, as recognition of the risks posed by Hg have led to its phase-out in commercial usage. The continued use of Hg in artisanal and small-scale gold mining means that the Africa/Middle East region is now a major contributor. We estimate that 72% of cumulative Hg emissions to air has been in the form of elemental mercury (Hg 0 ), which has a long lifetime in the atmosphere and can therefore be transported long distances. Our results show that 83% of the total Hg has been released to local water bodies, onto land, or quickly deposited from the air in divalent (Hg II ) form. Regionally, this value ranges from 77% in Africa/ Middle East and Oceania to 89% in South America. Results from global biogeochemical modeling indicate improved agreement of the refined emission estimates in this study with archival records of Hg accumulation in estuarine and deep ocean sediment.
Introduction
Mercury (Hg) can be converted to an organic species, mono-methylmercury, in aquatic environments that bioaccumulates in fish and wildlife and has been associated with long-term neurocognitive deficits in exposed children and increased cardiovascular risks in adults [1, 2] . Hg is a naturally occurring element found everywhere in the Earth's crust that is released by weathering of rocks, geothermal activity, and volcanism. About 4000 years ago, humans began extracting gold, silver, copper, zinc, lead, coal, and other materials-all of which contained Hg as an impurity. In addition, Hg was found to be useful in extracting gold and silver, and hence Hg itself became a target of extraction and refinement. In modern times, direct emissions of anthropogenic Hg have been an order of magnitude greater than natural emissions [3, 4] .
Mercury in the atmosphere, which consists mostly of elemental Hg (Hg 0 ), has a long lifetime (3-6 months) against removal by deposition, allowing it to be transported on a hemispheric-to global-scale [5] . Compounds of Hg that are emitted into the atmosphere in divalent (Hg II ) form have a much shorter atmospheric lifetime (approximately 26 d against deposition) and are thus deposited much closer to emission sources [5] . In addition, much of the Hg resulting from human activities is released onto land or into water bodies close to the point of extraction or use [6] . This locally-deposited Hg can then be transported into rivers and find its way into lakes and oceans [5, 6] , and a substantial fraction is reduced back to Hg 0 and reemitted to the atmosphere. For example, evasion of Hg 0 from terrestrial ecosystems and the ocean is more than double present-day anthropogenic emissions [5, 7] . The magnitude of this re-emission source and how it will change in the future depend on the historical trajectory of anthropogenic emissions. It can take from decades to millennia for the Hg to be permanently sequestered in estuarine or deep ocean sediment or stable terrestrial reservoirs [7] [8] [9] [10] .
It is clear, therefore, that there is considerable mobilization and redistribution of Hg over time. Hg accumulates in the global environment, redistributing itself spatially and among different media, with continuous augmentation from human activities and natural sources. Because of this persistence in the environment, it is important to know how much anthropogenic Hg has been liberated in the past and what has been its fate. Knowing the profiles of primary releases and the reaction and deposition/re-emission rates of the different forms of Hg, it is possible through biogeochemical modeling to reproduce observed modern-day concentrations of Hg in the environment and to project future concentrations [3, 4, [11] [12] [13] [14] [15] . This is an important component of the design of efficient and effective mitigation measures, such as the Minamata Convention, and assessment of the benefits of such measures [16] [17] [18] [19] .
Many forms of anthropogenic pollution of the environment can be traced back to the start of the Industrial Revolution, ca. 1760, but not so Hg pollution. Releases in antiquity and after the opening up of Spanish America contribute to the present-day Hg burden. Most archives of atmospheric deposition recorded in remote peat and lake sediments only extend back to the 1800s. These records consistently indicate a three-to-five-fold enrichment in atmospheric deposition of Hg relative to pre-industrial levels [20, 21] . Both global biogeochemical models and selected records of long-term deposition suggest that this pre-industrial baseline was in turn enhanced by more ancient anthropogenic emissions, so that the actual enrichment above natural levels may be significantly larger [7, 12, [22] [23] [24] . These results emphasize the need to quantify and characterize all-time anthropogenic releases of Hg.
In previous work, we focused initially on Hg emissions from China, one of the most important and difficult regions to characterize [25] [26] [27] . This was followed by an assessment of global atmospheric emissions of Hg from human activities, with emphasis on the period 1850 to 2008 [28] . Projections to 2050 were also reported [29] . This previous body of work culminated in a complete analysis of global Hg releases to air, land, and water up to 2010 [30] [31] [32] . Though this work quantified total global Hg releases back to antiquity, it did not attempt to assign pre-1850 emissions to world regions nor to characterize the temporal evolution of pre-1850 regional emissions. This presented difficulties for the modeling of biogeochemical Hg cycling, because it was known that pre-1850 anthropogenic emissions were significant, but it was not known how large they were nor where they were located. Presumptive distributions were forced to be made for pre-1850 releases [7, 12] . The present work should facilitate a more accurate representation of global Hg distributions: past, present, and future.
Methods
In this work, we present estimates of the global and regional amounts of Hg that have been released into the environment (to air, land, and water) by human activities over the 500 year period, 1510-2010; as we will show later, this comprises roughly 95% of all-time Hg releases. We calculate Hg releases every decade (i.e. 50 time slices) for 18 source types in each of 17 world regions, following the same methodologies as described in our previous work [25] [26] [27] [28] [29] [30] [31] [32] . Releases to air are sub-divided into Hg 0 and Hg II . We incorporate some updates to emission factors and some new estimation methods, as described below.
For the period 1850-2010, the methods and data are essentially the same as was used in our previous estimate of total Hg releases [30] . Further details on the calculation of emission factors are provided in the supplementary information section 1.0 (available online at stacks.iop.org/ERL/14/084004/mmedia). The only changes made for 1850-2010 from previous work were for consistency with the new approach to calculating emissions from silver extraction in Spanish America described below. In this respect, we assume that the use of the patio process persisted in South America until 1900 and in Central America until 1880, transitioning to modern extraction techniques beginning in 1850. This had a very small effect on total global Hg releases since 1850, lowering our previous value by 1% from 1120 Gg [30] to 1110 Gg.
Releases of Hg for the period 1510-1850 are calculated here for the first time. Though 18 source types were evaluated previously for the post-1850 period [28] , only seven of them are relevant for this earlier period: coal combustion; and the extraction and refinement of copper, zinc, lead, gold, silver, and mercury itself. Releases are dominated by mercury and silver [28] . Prior to 1800, Europe was essentially the only regional source of coal combustion, with North America and the Former USSR slowly emerging between 1800 and 1850. Our main source of information on early coal combustion amounts is the work of the Carbon Dioxide Information Analysis Center [33] .
The main new contribution to our estimates of early Hg releases was the discovery of an old series of reports by the US Department of Commerce, Bureau of Mines (BOM), published in the period 1928-1930, which had been scanned and preserved by the University of North Texas Digital Library. Among these reports are volumes on copper [34] , zinc [35] , lead [36] , gold [37] , and silver [38] . They are especially valuable because (a) they go back to the beginnings of recorded production (ca. 1500 in the cases of gold and silver); (b) they present production data by country; and (c) they are based on an extensive review of extant data sources by mining experts at the BOM. We use these data to compile production data from 1510-1850 at the country level, subsequently aggregated to each of our 17 world regions. For the seventh and final source category, the extraction and refinement of Hg itself, we rely on the global production data of Hylander and Meili [39, 40] , supplemented by other sources of regional data [41] [42] [43] [44] .
For emission factors in the period 1510-1850, we use the same emission factors that were used for the year 1850 [28, 30, 32] , with the exception of releases from silver mining in Spanish America. The technique used then was called the patio process, in which the silver ore was crushed and mixed with Hg in an open enclosure called a patio to a depth of 1-2 feet; after several weeks of mixing in the hot sun an amalgam was formed, from which the silver was subsequently recovered. In early analyses of the releases of Hg from the patio process in South and Central America in the 16th-19th centuries, it was thought that a significant fraction (60%-75%) of the Hg escaped to the atmosphere [41] [42] [43] [44] . Guerrero, however, cast doubt on these high values [45] [46] [47] , asserting that much of the lost Hg was in fact captured in solid form as mercurous chloride (Hg 2 Cl 2 ), also known as calomel, and only 3%-5% was lost to air. If that is true, then the bulk of the Hg lost during the patio process initially found its way to land and water, not directly to air. In combination, the releases from Hg and silver mining are consistent with the high levels of Hg measured today in South and Central America [48] [49] [50] [51] .
In this work, we use the values of Hg released to air recommended by Guerrero for silver mining [47] . We assume that all the remaining lost Hg found its way into local land/water bodies. Guerrero asserts that the calomel (Hg 2 Cl 2 ) produced during the patio process is somewhat akin to a permanent sink. He says that it is 'an insoluble solid, and would have been buried within millions of tons of fine mineral silt K (and) would have functioned as a chemical sink for anthropogenic mercury emissions from silver refining' [47] . We feel that it is not yet confirmed that Hg could never be reemitted from calomel under the variety of soil and water conditions it may subsequently encounter. Though the literature is sparse on the subject, it is known that Hg 2 Cl 2 is relatively stable, but susceptible to chemical reactions with ammonia and sulfur; Booer [52] claimed that Hg 2 Cl 2 slowly decomposes in soil, producing volatile Hg 0 and HgCl 2 . Clearly, additional research is needed on this topic.
Based on the absence of a clear 1880s Hg peak in sedimentary and ice-core archives, several studies [20, 53, 54] have questioned the magnitude of atmospheric emissions during the gold rush days in North America that we estimated in our previous work [28, 30] . However, other archives do show a peak in this time period [55, 56] . The archival evidence seems to be inconclusive at present, though perhaps suggesting that the effects of early gold mining are regional rather than global [57] . Though the total amount of Hg lost during the amalgamation process is relatively well known from Hg production and consumption statistics, the distribution of those losses among air, land, and water is far from certain. In past work [28, 30] we used the foundational research by Nriagu and others [41, 42, 44, 58] to estimate the releases to air from 19th century gold mining in North Americawhich were large. We have since further reviewed accessible engineering literature e.g. [59, 60] and find a complete absence of quantitative data on air releases and the collection efficiency of, for example, the retorting of the amalgam to yield elemental gold and to recover Hg. In the absence of such data, we continue to use the emission factors recommended by the Nriagu group, but plan to do additional work in the future to test alternative hypotheses on the amount of Hg that was released to the air from 19th century gold mining in North America.
In addition to identifying separately the releases to air and to land/water, we also separate the air emissions into speciated emissions of Hg 0 and Hg II , as in previous work [30, 32] . For this we acknowledge our use of the valuable work of Zhang et al [61] . As described below, we use these partitioned release values to give an idea of how much of the Hg was likely to have traveled 'far' or been retained 'locally' following its initial release. Figure 1 shows that the release of Hg from human activities over this 500 year period was greatly influenced by events that triggered impacts on industrial production and consumption, both worldwide and in specific regions of the world. Though Hg was involved in many activities prior to 1510 (see later discussion), releases did not seriously commence until the opening up of Spanish America. Large-scale processing of silver ore began in the 1530s in Mexico and the 1540s in Bolivia and Peru [45] . Releases of Hg in Spanish America peaked ca. 1600. By 1810, production began to decline but persisted into the late 1800s [41] .
Results
Coal had been used in Europe since well before 1600, but took off at the beginning of the Industrial Revolution, commonly dated to ca. 1760. The increase in Hg releases from coal combustion partially offset the decline in Hg use in silver extraction. Global emissions increased sharply in 1850 as a result of the gold rush in North America and, to a lesser extent, Australia. Production of Hg to facilitate the extraction of gold and silver through amalgamation combined with general industrial expansion in the production and use of chemicals and metals to yield a peak in Hg releases ca. 1890. As amalgamation fell out of favor, releases declined and reached a trough in 1920 driven by the devastations of World War I and the Russian Revolution. Emissions grew again until a similar trough resulted from World War II.
After 1950 there was a dramatic increase in Hg releases due to the post-war economic boom. This continued until 1970, when preventative measures began to be introduced, both for Hg itself and for other pollutant species (like SO 2 ) that also mitigated Hg emissions. The most effective of such measures were the installation of flue-gas desulfurization systems on coal-fired power plants, the phase-out of artisanal metal smelters (particularly zinc), and the collection of mercury-containing gases by sulfuric acid plants in modern metal smelters [17] . However, the banning of Hg use in many components of the world economy was the most effective advancement [31] ; this led to a sharp drop in Hg production, as shown later. The decline in global Hg releases continued after 1970, but may have ended shortly before 2010, as gains from the removal of Hg from commercial products lessened and the expansion of Asian economies continued and gained dominance [62] .
These socioeconomic driving forces are reflected in the production and consumption statistics that we use to calculate emissions. Global Hg releases would have grown at a much higher rate than shown in figure 1, if they had been simply proportional to industrial production, population, or economic growth [28, 62] . The lower rate of Hg growth is the result of technological progress that has replaced old-fashioned, high-polluting systems with more modern processes incorporating emission controls. Figure 2 presents the anthropogenic Hg release trends over the period 1510-2010 for seven aggregated world regions and the world as a whole (note that the vertical scales vary among regions); tabular data for this figure are presented in the supplementary information section 2.0. In each figure, we divide the releases into three categories: emissions of Hg 0 to air, emissions of Hg II to air, and the combined releases of Hg to land and water. We do not believe it is possible to separate the releases between land and water a priori, because industrial facilities, power plants, waste disposers, etc, have never made public how they disposed of their waste products, and statistics are lacking [30, 32] . The modeling of biogeochemical Hg cycling, constrained by archival records and measurements from different regions, may be the best, if not the only, way to disentangle the fate of non-air releases [31] . Table 1 summarizes the cumulative regional contributions by species and media, and table 2 estimates some key component contributions and their differences pre-and post-1850. Figure 2 shows that Europe and North America dominate historical releases, each having released ∼420 Gg over the 500 year period (table 1). Europe had the largest contributions in the early centuries, consisting primarily of coal combustion and the production of Hg for use in Spanish America. Note also that the reduction of Hg in Europe since 1970 is the most pronounced, returning Hg releases in 2010 to levels that had not been seen since 1770 (∼680 Mg yr −1 ). North American releases consisted of silver extraction in Mexico until the North American gold rush that generated a large peak in emissions in back to the levels of the early days of the gold rush. In the Former USSR, emissions are much lower (cumulatively 73 Gg), and the general growth in industrial emissions that began in 1870-1880 was severely disrupted by the Russian Revolution. The trend for South America is very different. Cumulative emissions are 220 Gg and reflect a slowing down of emissions associated with silver extraction, coupled with a surge in releases since 1970 due to industrial expansion, reaching ∼1100 Mg yr −1 by 2010.
Serious industrial development in the remaining three regions can be considered to start ca. 1850. The gold rush in Australia [63, 64] yielded a peak in the late 1800s of ∼690 Mg yr −1 , similar in structure to that of North America, falling away by 1910-1920. Emissions in Africa/Middle East have been boosted by contributions from artisanal and small-scale gold mining (ASGM), which has only recently slowed [62] . Finally, the booming industrial economies of Asia show a rapid increase since 1880, interrupted briefly by the two world wars, rising to 4400 Mg yr −1 by 2010, and with a cumulative release of 180 Gg.
The global trend is also shown in figure 2 . The cumulative release of anthropogenic Hg over the period 1510-2010 is estimated to be 1470 Gg (table 1) . Compared with our earlier all-time release estimate of 1540 Gg [30] , this suggests that 95% of the Hg has been released since 1510, with the remainder spread out over the years prior to 1510, dating back to antiquity. Table 1 also shows the partitioning of the 1470 Gg among direct releases to air and land/water. We estimate that 345 Gg of this Hg (23%) was released directly to air over the 500 year period, with the remainder, 1130 Gg (77%), going to land/water. The regional releases to air range from a low of 13% (South America) to a high of 29% (Oceania), driven by the time-varying mix of source types in each region. Table 1 also shows that the global total of 345 Gg emitted directly to the air was comprised of 248 Gg of Hg 0 (72%) and 97 Gg of Hg II (28%). Table 2 summarizes some of the component contributions to this total amount of released Hg. The first column quantifies how much of the cumulative 500 year total was released since 1850. Globally, 75% was released after 1850, ranging from a low of 37% in South America to highs of 99% in Africa/Middle East and Oceania. Such information is valuable in determining the varying fates of Hg around the world subsequent to the time of release and hence in refining both the modeling of reemissions and the cycling of Hg. Table 2 also shows the regional variation in percentage of Hg 0 in total air emissions, which ranges from 64% in Asia to 84% in Africa/Middle East. In the final two columns we give an estimate by region of how much of the Hg was likely to have been initially retained 'locally,' i.e. close to the primary emitting source, and how much could have been transported 'far' from the source and potentially made its way into the global background. For the 500 year period, we estimate that 83% (77%-89% across regions) has been deposited locally. This percentage has not changed greatly over time. Figure 3 presents the same global Hg results as figure 2 but disaggregated into four major groupings of source type: mercury production and use, fossil-fuel combustion, gold and silver production, and other metals production. Figure 3 shows that over this 500 year period, Hg releases to the environment have been dominated by: (a) the production of gold and silver; and (b) the production of Hg to extract that gold and silver through amalgamation techniques and to be used in a variety of other commercial applications. It is only in the last century of the period that Hg from fossil-fuel combustion and the extraction of non-precious metals has grown rapidly. This figure also illustrates the recent decline in Hg production and use that was mentioned earlier-and this would also be reflected in releases during the production of gold and silver, but for the contribution from ASGM.
We performed an uncertainty analysis for these results, following the method initially developed for China [27] and subsequently expanded for global emissions [28, 30] , which uses a Monte Carlo framework of 10 000 simulations and uncertainty estimates for all emission factors and activity levels. Figure 4 shows the uncertainty bounds for total Hg releases in this work, expressed as 80% confidence intervals surrounding the central estimate. This means that the probability of releases being outside the calculated range is 20% or less. The uncertainty range is large prior to 1920 and is associated with the great uncertainty in knowing how much gold and silver was produced historically and how much Hg was used in associated amalgamation and other processing. It can be seen that the upper bound for the year 1890, 15.9 Gg, is the highest in the entire time period.
We investigated the consistency of historical releases from this work with a high-resolution sediment accumulation record from an estuary on the east coast of North America [54] . To do this, we forced the 7-box biogeochemical model developed by Amos et al [7, 8] with the historical amount of anthropogenic Hg released in North America in this work. We estimated pre-1510 inputs to the terrestrial environment for North American based on its fraction of global land surface (i.e. 1/6th of the global geogenic and antiquity emission-driven reservoirs). Riverine fluxes from North America reflect the accumulated reservoir in the terrestrial environment, as described elsewhere [8] . Figure 5 (A) shows two historical deposition scenarios for coastal sediment in North America that constrain the potential mobility of historical releases to land and water: (a) lower envelope of releases: all sequestered Hg in land/water by North American mining is permanently removed from environmental cycling; and (b) upper envelope of releases: a fraction of the Hg released to land/water is reemitted to the atmosphere and released to rivers [30] . Similar to Fitzgerald et al [54] , the results show an initial increase in Hg deposition fluxes between 1850 and 1925 followed by a larger increase and subsequent decline in 1925-2000. Large aquatic Hg releases to coastal systems during this period dominate the global background releases to the atmosphere, as supported by the archival record [54] . Figure 5(B) shows the simulated average global burial of Hg in deep ocean sediment [7] , based on the global emissions described in this work. The shaded region in the figure is bounded by two emission scenarios in which either all or none of the Hg released to land and water in New World silver mining is available for environmental cycling. It can take hundreds of years for anthropogenic Hg emitted to the atmosphere to reach the deep ocean [7] . This varies across marine regions based on local productivity, ocean circulation, and the characteristics of settling marine snow [10] , but the model provides a spatially-averaged first approximation of the global average scenario. There is little evidence of Hg accumulation until approximately 1600 and a relatively steeper increase in accumulation that begins around 1900. The long timescales required for Hg to reach the deep ocean mean that anthropogenic releases lag atmospheric emissions by hundreds of years and are temporally integrated. These results are consistent with a deep marine sediment record from the Southern Ocean [65] and show an approximately two-fold overall enrichment from human activity in deep marine sediment. This contrasts with the assertion of Zaferani et al [65] that globally significant anthropogenic Hg releases were confined to the last 150 years. Instead, we conclude that the new emissions inventory produced in this study provides better agreement with historical archive data than earlier inventories and reinforces the significance of the last 500 years of anthropogenic Hg pollution. Figure 5 . Time-course of burial of Hg in estuarine and marine sediments simulated using a global biogeochemical model [7, 8] and the releases of Hg to air, land, and water estimated in this study. Flux enhancement factor is defined as the ratio of the rate of Hg deposition for a given year relative to the rate of deposition at the beginning of the published sediment records (1725 for the estuarine core [54] and prior to human activity for the ocean core [65] ). Panel A is based on riverine discharges of Hg to the North Atlantic Ocean and subsequent accumulation in coastal sediment. Panel B represents globally-averaged burial in deep marine sediments.
Discussion and conclusions
In this work, we quantify the time-varying characteristics of anthropogenic Hg releases to the environment by world region over the period 1510-2010. This represents 95% of total all-time releases by our estimation. The majority of these releases have been in Europe and North America, consistent with flourishing economies and the extraction and use of Hg in the production of gold and silver. Today, however, Hg releases are declining in these two regions, while releases in Asia are growing fast. ASGM remains a problem, especially in Africa, but global actions achieved in coordination with the Minamata Convention may facilitate a decline in the coming years.
The regional estimates prior to 1850 presented in this work have not been previously reported, and biogeochemical cycling models have been forced to use rather primitive characterizations of pre-1850 releases, based largely on early estimates of Hg used in silver mining in Spanish America [41] [42] [43] [44] . Amos et al [12] used a pre-1850 value of emissions to air of ∼43 Gg, based on our earlier global inventory [28] . There was no information at that time to develop temporal or regional variation. In this work, we estimate 1510-1850 emissions to air at 53 Gg, which is well within the uncertainty range of these historical estimates.
In conclusion, this work stresses the importance of early historical releases of Hg to the environment by humans in pursuit of gold and silver and Hg for amalgamation. Much of this Hg persists on land and in water bodies close to where the gold, silver, and Hg were originally extracted: mainly in Bolivia, Peru, and Mexico; in western North America; and in western and central Europe. The remainder of those early Hg releases have been either temporarily or permanently fixed in sediments, peat, ice, and oceans or remain in the global biogeochemical system and contribute to the global background and re-emission. Today, Hg releases are more widespread and diversified, and it will require a global response like the Minamata Convention to cap future increases and enable continued emission reductions to improve environmental conditions. We recommend emphasis on: (a) reducing ASGM releases; (b) reduction in the use of Hg in products and the associated production of Hg; (c) careful treatment and disposal of Hg-containing wastes, especially when combusted; (d) effective control of air emissions from coal combustion and disposal of ash and captured particulate matter; and (e) continued modernization of industrial processes (metal smelters, caustic soda production, cement plants, etc).
